Abstract: This paper proposes a Negative-buoyancy Quad Tilt-rotor Autonomous Underwater Vehicle (NQTAUV), for which an attitude-tracking controller is designed for the hover and transition modes based on a disturbance-rejection control scheme. First, the structure of NQTAUV is illustrated, a mathematical model based on the Rodrigues parameters is proposed, and the attitude-tracking error model is derived. To simplify the disturbance-observer design procedure, a disturbance observer with a single parameter was designed to estimate the disturbance torque acting on the vehicle. The controller was designed to track the target attitude, and the stability of the whole system is analyzed. Finally, the performance of the proposed method was validated by three experiments. The primary benefit of the proposed method is the simplicity of its tuning and implementation.
Introduction
In recent decades, as the demand for ocean exploration has increased, an increasing number of Autonomous Underwater Vehicles (AUVs) have been developed to expand the boundary of human knowledge [1, 2] . Research on controlling these AUVs has received considerable attention from the robotics and marine research communities [3] [4] [5] . Based on the density of a given vehicle, AUVs can be classified as one of three types: positive buoyancy, neutral buoyancy, and negative buoyancy [6, 7] . Compared with positive and neutral AUVs, negative buoyancy AUVs have the advantages of high energy efficiency, high speed, and a long cruising range. For the development of a previous version of the Negative-buoyancy Tri-tilt-rotor AUV (NTAUV), the attitude-stabilization control system was designed based on Immersion and Invariance (I and I) methodology [8, 9] . However, when the NTAUV changes its mode from hover to transition, its asymmetric arrangement of rotors caused disturbance torque to impact the attitude control. To overcome this disadvantage, a negative-buoyancy quad-tilt-rotor AUV (NQTAUV) is proposed in this paper with the design of a disturbance-rejection attitude-tracking system.
The NQTAUV has many advantages. The symmetric arrangement of rotors makes attitude stabilization more convenient, and this structure provides the NQTAUV with the capability of rotor-failure recovery. In the case of one or two of its rotors failing, it retains the ability to hover using the remaining rotors [10, 11] . The other advantage of the NQTAUV is that it maintains a level body attitude while moving forward, producing minimum extra hydrodynamic torque and reducing drag force. Quad-tilt rotors provide AUV pitch control within 0∼10 • without horizontal motion [12] .
Preliminaries

Mechanical Structure and Three Working Modes
The mechanical configuration of the NQTAUV is illustrated in Figure 1 , where the rotors are mounted on the tip of the hydrofoil. The servos tilt the rotors, separately generating vector thrust. Each rotor generates force f i , i = 1, 2, 3, 4, and the servo tilts the rotor to angle α i , i = 1, 2, 3, 4. The NQTAUV has three working modes: hover mode, transition mode, and level cruise mode. These are illustrated in Figure 2 . The NQTAUV takes off, operating first in hover mode. In this mode, it can move slowly in a horizontal direction. The rotors then tilt to a certain angle, which is usually 60 • , to generate forward thrust to accelerate until it reaches a speed at which the lift force generated by the hydrofoil can balance the weight of the vehicle in the water, which describes the transition mode. After that, the rotors tilt to 90 • , and the NQTAUV operates in level-cruise mode. Unlike neutral-buoyancy vehicles, the NQTAUV must overcome less drag force [9] , resulting in high efficiency and speed.
System Model
Three co-ordinates are used for attitude-tracking control: Earth-fixed co-ordinates F e , body-fixed co-ordinates F b , and target co-ordinates F d . These are illustrated in Figure 1 .
There are a few methods to describe the orientation of a rigid body, and Euler angles have been widely used to express the attitude, which is convenient and intuitive. However, Euler angles have a singularity angle at ±π/2. Rodrigues-parameter representation is a three-dimensional alternative form of Euler representation. Compared with Euler angles, Rodrigues parameters have double the range of angles without singularity, as it has a singularity at ±π . In this paper, we chose the Rodrigues parameters to express the attitude. The NQTAUV shares the same kinetics equations of the previous version of NTAUV. The kinematics and kinetics equations of NQTAUV are in References [1, 9, 32] 
where ξ =ētan(Φ/2),ē ∈ R 3 , ||ē|| = 1 are the Rodrigues parameters, ω is the body-angle velocity vector, J is the rigid-body inertia tensor with respect to the origin of body-fixed co-ordinates, I A is the added inertia matrix, C(ω) = S(I A ω) is the hydrodynamic Coriolis and centripetal matrix, D(ω) is the hydrodynamic damping matrix, and τ is the control torque. S(λ) is defined as
which satisfies
Problem Formulation
In the attitude-tracking problem, we define the target attitude as
whereR is the relative attitude matrix, and the detailed derivation ofR can be found in Reference [32] asR
where the derivative ofR is˙R = −S(ω)R (9) and the derivative ofω is˙˙ω
We then obtain the attitude-tracking error system modelξ
where ω =ω +Rω d . We use feedback linearization to cancel the nonlinearities of the system dynamics
and System (12) then becomes˙ω
where d is the disturbance, and d comes from various sources. First, the tilting servo generates a disturbance torque to the pitch axis. Second, when the NQTAUV flies in the water, the hydrofoil generates extra force and torque for the vehicle. Without a linear velocity sensor, both of the above torques cannot be calculated, we treat those and other outside disturbances as one combined disturbance. We then estimated combined disturbance d.
Disturbance-Rejection Controller Design Based On Linear Extended State Observer (LESO)
The whole control scheme is illustrated in Figure 3 . The dynamic model is Equation (2), H(ξ) is Equation (1), the designed LESO is described in Section 3.1, and the designed controller is described in Section 3.2.
LESO Design
The disturbance acting on the system cannot be measured directly, so the extended states of the system are introduced to estimate the disturbance, and we assume that the disturbance is a constant or is a slowly changing variable generated by a linear system, so we design a corresponding linear extended state system to estimate the disturbance. This system is the LESO.
Assume the change rate of disturbance d isḋ = h(t), where h(t) is the first-order derivative of d , so the system can be written as:˙ω Based on system models (16) and (17), we designed a second-order disturbance observer. The second-order LESO system isż
where z 1 , z 2 are the corresponding states ofω, d , and l 1 , l 2 are positive constants. Insert Equation (14) into (18) , and the Laplace transform of LESO is
as a characteristic polynomial. We can get the transform function of d and z 2 as
We needed to design l 1 , l 2 to ensure z 2 tends to d . According to the Routh-Hurwitz stability criterion, s 2 + l 1 s + l 2 should be Hurwitz. However, there are countless solutions in the parameter space of l 1 , l 2 . Considering response time and overshoot, we considered the critical damping of the second-order system, which had damping coefficient 1, and we selected l 1 = 2ω o , l 2 = ω 2 o , ω o > 0, which balanced the response time and overshoot, and the characteristic polynomial of Equation (22) is Hurwitz. There is only one parameter ω o for tuning, which simplifies the design, tuning, and implementation.
The estimate error isd
Controller Design
We used a backstepping method to design the nonlinear attitude-tracking controller. Consider the following Lyapunov candidate function:
for which the derivative of V 1 isV
We can select control input υ as
where d e = Jz 2 is the estimation of disturbance d. We then get the final control input
Stability Analysis
We used Lyapunov stability theory to analyze the stability of the system with disturbance d and control law (27) .
with feedback control law (27) , attitude errorξ,ω and disturbance estimation errord are globally asymptotically stable.
Proof. We rewrite System (23) to the state space forṁ
where
, C = 0 −1 , and we can see z 2 = −x 2 = Cx.
From Equation (22), we know the direct current gain from d to the estimation of the disturbance z 2 is 1, so we get −CA −1 B = 1.
We then get
From Systems (23) and (30), we get
Assume the upper bound of d is ||d || ≤d, and choose
where a 0 > 0, which satisfies ||d || ≤ c||x(0)||e λt , sod can exponentially converge to 0. Based on the Lyapunov converse theorem [33] , there exists a Lyapunov function V 2 , which satisfies
where a 1 , a 2 , a 3 > 0. Define a new Lyapunov function V 3 = V 1 + V 2 , and then we geṫ
, andV 3 ≤ 0.
Experiment Results and Discussion
We carried out three experiments to validate the proposed control scheme based on disturbance rejection with the help of a testbed.
Testbed
The three-degree-of-freedom testbed of the NQTAUV is illustrated in Figure 4 , and it is similar to the one in Reference [9] . This testbed was designed to verify the performance of the presented controller. The body of the vehicle was mounted on a ball joint, which allowed the vehicle ±30 • of roll and pitch, and free rotation of yaw. A desktop PC was used as the host computer, sending mode-switch commands and receiving data to and from the NQTAUV using serial communication. The controller law was implemented on a Nucleo STM32 F401RE board with 512 KB memory and 84 MHz CPU frequency. The control frequency was 100 Hz. In each control cycle, the control board sends data to the host, including the attitude, control torque, and disturbance observer outputd. An attitude sensor module reads three-axis-accelerometer, gyroscope, and magnetometer data from an MPU-9250 motion-tracking device, and then runs a Kalman filter algorithm to obtain the fusion attitude. The thruster is a brushless DC motor with a mounted propeller, and provides a maximum thrust of 15 N. The thruster curve was obtained by experiment. The thruster was mounted on the servo, which rotated at maximum of 6.9 rad/s.
The mechanical parameters of the NQTAUV are listed in Table 1 .
The control law ran at 100 Hz on an STM32 board. The parameter of the LESO was selected as w o = 1.5 rad/s, and the parameters of the controller were selected as k 1 = 3.2, k 2 = 0.6. To verify the disturbance-estimation effect, roughly 0.08 N·m torque was applied to both the x and y axes as the disturbance. The disturbance was loaded by hanging a weight on the axes, which resulted in the applied torque. The advantage of this method is its simplicity and accuracy. 
Attitude Stabilization of Hover Mode
Attitude stabilization of the hover mode is essential for the NQTAUV, and there is a special case when the target attitude is ξ d = [0, 0, 0] T . To verify the disturbance-rejection effect of the hover mode, we toggled the LESO off and on with the same controller. The LESO being off means the observer states are reset to 0. The LESO takes 0∼30 s to turn off, and 30∼70 s to turn on. Figure 5 shows attitude ξ of the vehicle, and Figure 6 shows control input τ. Figure 7 shows the estimation of disturbance d e .
From Figure 5 , we can see that the disturbances lead to an attitude-stabilization error of 0.02 of the x and y axes. When the LESO is on, the disturbance is estimated within 3 s, and with this compensation, the attitude-stabilization error is eliminated. From Figure 7 , we can see the estimation of the disturbance is stable and near the true value of the added torque. However, from Figure 6 , we can see that control inputs become more violent when the LESO is on. 
Attitude Tracking of Hover Mode
Attitude tracking is a fundamental function of horizontal movement. The tracking performance of pitch angle is typical. To verify the effect of attitude tracking, the target attitude was set as
To verify the effect of the proposed disturbance-rejection control effect, we turned the LESO off over 0∼55 s, and turned the LESO on over 55∼117 s. Figure 8 shows the attitude-tracking effect, Figure 9 shows the control torque, and Figure 10 shows the estimation of disturbance.
From Figure 8 , we can see that, when the LESO is off, the disturbance resulted in an attitude-tracking error. When the LESO is on, the attitude tracks the desired ξ d precisely in the amplitude. We can also see the attitude tracking had a small phase delay, and when the LESO was on, the delay was significantly reduced. This delay iswascaused by the design of the disturbance observer, as it is based on the assumption that the disturbance is a constant or slowly changing variable. However, when the attitude is tracking a harmonic signal, the water periodically affects the NQTAUV. This is a source of harmonic disturbance, and the proposed method cannot estimate the frequency of the harmonic disturbance in phase very well. We can see the harmonic disturbance indirectly from Figure 10 . Future work will focus on improving the design of the harmonic disturbance observer. 
Attitude Stabilization of Transition Mode
Attitude stabilization is a key function during the transition mode. The transition mode requires the attitude to be stabilized to ξ d = [0, 0, 0] T , which reduces the hydrodynamic torque as well as disturbance to the depth subsystem, making depth control more stable.
During the transition mode, the rotors tilt to produce a forward force, and as the speed of the vehicle increases, the hydrofoil produces lift force to balance the weight of the vehicle in the water. The hydrofoil also produces torque, which is treated as a disturbance to the attitude stabilization.
To verify the effect of the proposed disturbance-rejection control in transition mode, two experiments were carried out for the rotor tilt with the the LESO on and with the LESO off. The tilt ran for 10 s, tilting from 0 • to 60 • , performed over the 10∼20 s segment of the experiment. Figure 11 shows the effect of attitude stabilization on transition mode. Figure 12 shows control torque τ. Figure 13 shows estimation of disturbance d e .
From Figure 11 , we can see that the attitude-stabilization error with the LESO on is ±0.005, which is much smaller than with the LESO off, which is ±0.02. With the help of the LESO, the disturbance torque is compensated, and the attitude is stabilized to [0, 0, 0] T during transition mode. From Figure 12 , we can also see that the input torque vibrated much more violently than when LESO is off, which costs more energy. Figure 13 shows the estimated disturbance torques during transition mode; this is obviously different from the attitude-stabilization and attitude-tracking modes. It is not a constant or harmonic disturbance, and cannot be measured. This experiment shows that the proposed control scheme can compensate for this kind of unmeasured disturbance well. Overall, for most situations, the proposed controller and disturbance observer performs well in attitude-tracking tasks. However, harmonic disturbance cannot be estimated without phase delay, even if it is insignificant. Moreover, input torque vibration costs significant amounts of energy.
Conclusions
In this paper, a negative-buoyancy quad-tilt-rotor autonomous underwater vehicle was presented, and a disturbance-rejection control scheme is proposed for attitude tracking of the hover and transition modes. The mathematical model of the NQTAUV was established with attitude using the Rodrigues parameters. An LESO was designed to estimate the disturbance torque. We simplified the LESO to one turning parameter, which is more convenient for practical use. A controller based on the disturbance observer was designed to perform attitude tracking, and the stability of the proposed control scheme was analyzed. The advantage of the proposed method is the simplicity of tuning the LESO with only one parameter, and the proposed controller only has two parameters for tuning. These make the proposed scheme simple to use in practice.
Finally, the performance of the control scheme was validated by three real-time experiments: the attitude stabilization of the hover mode, the attitude tracking of the hover mode, and the attitude stabilization of the transition mode. The results indicated satisfactory performance by comparing the effect of the controller with the LESO on and off. However, the proposed linear disturbance observer cannot estimate the time variance or harmonic disturbance without phase delay, and the input torque seriously vibrates and costs much energy. This harmonic disturbance is usually caused by hydrodynamic sources when the vehicle performs harmonic movements, so the frequency is known, but the amplitude is unknown. Further work will include the design of an exogenous disturbance observer to estimate harmonic disturbances. Additionally, the frequency response of the observer can be optimized. The parameters of the observer should be optimized to avoid the resonant frequency of the mechanical structure. 
